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2$2H$ , $2W$ . 1 , $x$
, $y$ $z$ , . , .
, . , .
$\frac{\partial \mathrm{u}}{\partial t}+(\mathrm{u}\cdot\nabla \mathrm{u})=-\nabla p+\frac{1}{Re}\Delta \mathrm{u}$ , (1)
$\nabla\cdot \mathrm{u}=0$ . (2)
, $\Delta$ , .
$\Delta\equiv‘\frac{?^{2}}{\partial x^{2}}+\frac{\partial^{2}}{\partial y^{2}}+\frac{\partial}{\partial_{\sim^{2}}}(,.\cdot$ $(3)$
, $\Gamma\equiv H/W$
.
$Re= \frac{U_{0}H}{\nu}$ . (4)
, $U_{0}$ , $\nu$ . (1), (2) ,
$U_{0}$ , $H$ $\nu$ .
,






$\mathrm{u}(\mathrm{x}, t)=(U(y, z),$ $\mathrm{o},$ $0)$ , (6)
$p(\mathrm{x}, t)=P(\mathrm{x})$ (7)
. , , $U$ $P$
.
$\frac{\partial P}{\partial x}=-h=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{s}\mathrm{t}$ , $\frac{\partial P}{\partial y}=\frac{\partial P}{\partial z}=0$, (8)
$( \frac{\partial^{2}}{\partial\tau/^{2}}+\frac{\partial^{2}}{\partial_{\sim^{2}}},)U(y, z)=-\kappa Re$. (9)
, $\kappa$ , . ,





$U(y, Z)= \frac{1-y^{23}-4\sum|\iota--0\infty(-1)^{n}\mathrm{c}\mathrm{o}\mathrm{s}\prime ny\cosh 7nz/\prime n\cosh m\Gamma}{1-4\sum_{n=0(}^{\infty}-1)n/m\cosh_{7}3n\mathrm{r}}$ , (11)
$m= \frac{2r\iota+1}{2}‘\pi$. (12)
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(11), (12) . $u(\mathrm{x}, t)$
$p(\mathrm{x}, \iota)$ $U(\mathrm{x}),$ $P(\mathrm{x})$ \^u $(\mathrm{x}, t),\hat{p}(\mathrm{x}, \iota)$
$\mathrm{u}(\mathrm{x}, t)=U(\mathrm{x})+\hat{\mathrm{u}}(\mathrm{x}, t)$, (13)
$p(\mathrm{x}, t)=P(\mathrm{x})+\hat{p}(\mathrm{x}, t)$ (14)
. (13) (14) , \^u, $\hat{p}$
$\frac{\partial\hat{\mathrm{u}}}{\partial b}+(U\cdot\nabla)\hat{\mathrm{u}}+(\hat{\mathrm{u}}\cdot\nabla)U+(\hat{\mathrm{u}}\cdot\nabla)\hat{\mathrm{u}}=-\nabla\hat{p}+\frac{1}{Re}\Delta\hat{\mathrm{u}}$, (15)
$\nabla\cdot$ \^u $=0$ (16)
. , , \^u, $\hat{p}$
$\frac{\partial\hat{\mathrm{u}}}{\partial l}+(U\cdot\nabla)\hat{\mathrm{u}}+(\hat{\mathrm{u}}\cdot\nabla)U=-\nabla\hat{p}+\frac{1}{Re}\Delta\hat{\mathrm{u}}$ , (17)
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$\nabla\cdot$ \^u $=0$ (18)
.
–
\^u $(\mathrm{x}, b)=\tilde{\mathrm{u}}(y, z)\exp[\mathrm{i}\alpha(x-C\iota)]$, (19)
$\hat{p}(\mathrm{x}, t)=\tilde{p}(y, z)\exp[\mathrm{i}\alpha(x-ct)]$ (20)
. , $\alpha$ $x$ . , c – $c=c_{\mathrm{r}}+\mathrm{i}\mathrm{c}_{\mathrm{i}}$
, $C_{f}$ , $\alpha c_{\mathrm{i}}$ . , ci
. , Ci $<0$ , Ci $>0$
, ci $=0$ .
, (19), (20) (17), (18) $\hat{P}$
$E(y, z)\tilde{v}=O(y, Z)\tilde{w}$ , (21)
$E(z,y)\tilde{w}=O(Z, y)\tilde{v}$ (22)
. , $E(y, z)$ $O(y, z)$ .
$E(y, z)=-[ \frac{\mathrm{i}}{\alpha Re}\Delta+(U-c)1(\frac{\partial^{2}}{\partial\tau/^{2}}.-\alpha)2+\frac{\partial^{2}U}{\partial y^{2}}$ , (23)
$O(y, Z)–[ \frac{\mathrm{i}}{\alpha Re}\Delta+(U-c)1^{\frac{\partial^{2}}{\partial_{1/}\partial_{\sim}}-},\frac{\partial[J}{\partial_{\sim}},\frac{\partial}{\partial_{\mathrm{T}/}}+\frac{\partial U}{\partial\tau/}\frac{\partial}{\partial z}-\frac{\partial^{2}U}{\partial y\partial z}$ (24)
. ,
$\tilde{v}=\tilde{w}=\frac{\partial\tilde{v}}{\partial\tau/}=0$ at $y=\pm 1$ , (25)
$\partial\tilde{w}$
$\tilde{v}=\tilde{w}=\overline{\partial_{\sim}\gamma}=0$ at $z=\pm\Gamma$ (26)
.
(21), (22) (25), (26) , $y$ $z$
.
$(\mathrm{I})\mathrm{n}\mathrm{l}\mathrm{o}\mathrm{d}\mathrm{e}$ : $(\tilde{v}(e, e),\tilde{w}(\mathit{0},\mathit{0}))$ ,
(II)mode: $(\tilde{v}(e, \mathit{0}),\tilde{w}(\mathit{0}, e))$ ,
$(\mathrm{I}\mathrm{I}\mathrm{I})\mathrm{n}\mathrm{l}\mathrm{o}\mathrm{d}\mathrm{e}$ : $(\tilde{v}(\mathit{0}, e),$ $\tau\tilde{v}(e, \mathit{0}))$ ,
(IV)mode: $(\tilde{v}(\mathit{0},\mathit{0}),\tilde{w}(e, e))$ .
, $\tilde{v}$ $(e, e)$ $\tilde{v}$ $y$ $z$ .
, TY , , (I)mode
. , , (I)mode .
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3.3




$\tilde{V}=$ $\sum$ $\sum$ $a_{mn}F_{m}(y)G_{n}(Z/\Gamma)$ , (27)
$m=0$ $n=0$
$\tilde{w}=.\sum_{m=}^{2M}+10n=\sum^{2N}b_{nn},G_{m}(y)F_{n}(_{Z}/\mathrm{r}+10)$ . (28)
, $F_{m}(x)$ $G_{m}(x)$ , $7ll$
$T_{m}(x)$ , .
$F_{m}(x)=(1-x^{22})\tau_{m}(x)$ , (29)
$c_{7}2|\iota(x)=(1-x^{2})\tau m(_{X)}$ . (30)
, – ,
$c$ .
Ax $=c\mathrm{B}\mathrm{x}$ , (31)
$\mathrm{x}={}^{t}(a00, \cdots, \mathrm{t}\iota 2M+1,2N+1;b00, \cdots, b2M+1,2N+1)$ . (32)
, (I)mode , , , $2\cross$




. 1 $\Gamma=5$ ,
$\alpha=0.9,$ $Re=10000$ $c$ $M,$ $N$
. , ,




$\alpha c_{\mathrm{j}}=0$ $(\alpha, Re)$ .
$(\alpha, Re)$ , $Re_{c}$
$.\alpha_{c}$ .
, $\Gamma=5$ 2 . , ,
$\Gamma=5$ , $Re_{c}=10434,.\alpha_{c}=0.908$ .
. 3
$\Gamma$
$Re_{c}$ . O , Tatsumi&Yoshimura(TY)
$\cross$ . 2 , , \alpha ci
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$\mathrm{T}\mathrm{Y}$ . , TY – , 3
TY . ,
. ,
. , 2 $c_{\mathrm{i}}\simeq 0.2$ . $\Gamma$
$Re_{\text{ }}$ , TY $\Gamma_{\mathrm{c}}=3.2$ ,
$Re_{c}arrow\infty$ . , Fc $=3.116$
. , $Re_{c}$ $\Gamma$ .
$Re_{c}=\underline{11945}$ +5772. (33)
$\Gamma-3.116$
, , Re $\Gamma$ – , $\Gamma=3.4,3.5$
– , $\Gammaarrow\infty$ $Re_{c}arrow 5772$
.
1: $c=c_{\mathrm{r}}+\mathrm{i}c_{\mathrm{i}}$ $(M, N)$ .
$=\mathrm{i}$
$‘ \cdot\frac{\underline{M\cross N(c_{\Gamma},c_{\mathrm{i}}\cross 10^{4})(_{C_{\mathrm{r}}}}.’ C\mathrm{i}\mathrm{x}104)(c_{\mathrm{r}},c_{\mathrm{i}}\cross.104)(_{C_{\mathrm{r}}},C\mathrm{i}^{\cross 10^{4}})}{18\cross 38(\mathrm{o}.23294,-3.7334)(\mathrm{o}.\mathit{2}3306,- 5.1145)(0.23289,-3.3466)(\mathrm{o}.23289,-3.3466)}$
‘
$20\cross 40$ (O.23287,-33081) (0.23309,-30813) (0.23288,-34248) (0.23288,-34248)
$22\cross 42$ (O.23289,-33317) (0.23309,-33517) (0.23289,-33957) (0.23289,-33957)





$Re_{\text{ }}$ , \alpha $c_{i}$ .
$3.4478320\Gamma Rec.\alpha cC_{1}.R\overline{\overline{6690.163}}e_{\text{ }}(\mathrm{T}--\mathrm{Y})\alpha_{c}(\mathrm{T}\mathrm{Y})$
$35$ 36866 0.705 0.173 36600 . 0.71
4.0 18226 0.814 0.204 18400 0.80







\^u $= \sum_{-\infty}^{\infty}\mathrm{u}_{\mathrm{n}}\mathrm{e}\mathrm{x}\mathrm{p}\mathrm{l}\mathrm{i}n\alpha x$ ], $\mathrm{u}_{-\mathrm{n}}=\mathrm{u}_{\mathrm{n}}^{*}$ , (34)
$\hat{p}=\sum_{-\infty}^{\infty}p_{n}\mathrm{e}\mathrm{x}\mathrm{p}\mathrm{l}\mathrm{i}’,\alpha x1+P_{00^{X}}$ , $p_{-n}=p_{n}^{*}$ . (35)
, $*$ . $x$ $u_{n}$ $(v_{n}, w_{n})$
.
$u_{n}=- \frac{1}{\mathrm{i}r\iota\alpha}(\frac{\partial v_{l}}{\partial y},+\frac{(?w_{n}}{\partial_{\sim}\mathit{7}})$ for $n\neq 0$ . (36)
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, $f_{n}={}^{t}(v_{n’ n}w)$ , (15), (16)
.
$\frac{\partial}{\partial l}M_{n}f_{n}=L_{n}f_{n}+\frac{1}{Re}IC_{n}f_{n}+\sum kN(f_{k}, fn-k)$ . (37)
, $M_{n}$ , Ln’Kn’N .
$M_{n}=,$ $L_{n}=,$$K_{n}=$ ,
$N(f_{k}, fn-k)=$ . (38)
$m_{1}(y) \equiv \mathrm{i}\prime l\alpha-\frac{\mathrm{i}}{7l\alpha}\frac{\dot{\mathrm{t}}?^{2}}{\partial\tau/^{2}},$ $rr \iota_{2}(y, z)\equiv-\frac{\mathrm{i}}{r\iota\alpha}\frac{\partial^{2}}{\partial_{2/}\partial z}$ , (39)
$l_{1}(y, Z) \equiv\prime l^{2}\alpha U2-U\frac{\partial^{2}}{\partial\tau/^{2}}+\frac{\partial^{2}U}{\partial y^{2}}$ , (40)
$l_{2}(y, z) \equiv-\frac{\partial[I}{\partial?/}\frac{\partial}{\partial_{\vee}},$ $-U‘ \frac{\partial^{2}}{(?_{\mathrm{t}/}\partial z}+\frac{\partial U}{\partial z}\frac{\partial}{\partial\tau/}+\frac{\partial^{2}U}{\partial\eta/^{\partial z}}$, (41)
$k_{1}(y, Z) \equiv-\frac{\mathrm{i}}{7l\alpha}(.\frac{?^{2}}{\partial\tau/^{2}}+‘\frac{(?^{2}}{\partial_{\sim^{2}}},-n\alpha^{2}(2)(.\frac{\partial^{2}}{(?\tau/^{2}}-rl^{2}\alpha^{2})$ , (42)
$k_{2}(y, z) \equiv-\frac{\mathrm{i}}{7l\alpha}(\frac{\partial^{2}}{\partial\iota/^{2}}+\frac{\partial^{2}}{\partial_{\sim^{2}}},-rl2\alpha^{2})\frac{\partial^{2}}{\partial_{8/^{\partial z}}}$, (43)
$N_{1}(f_{k}, f_{n-}k) \equiv-\mathrm{i}(7l-k)\alpha ukun-k-v_{k}\frac{\partial u_{n-k}}{\partial y}-w_{k^{\frac{\partial u_{n-k}}{\partial z}}}$ , (44)
$N_{2}(f_{k}, f_{n-k}) \equiv-\mathrm{i}(7l-k)\alpha\tau l_{k}vn-k-vk\frac{\partial v_{n-k}}{\partial\tau/}-wk^{\frac{\partial v_{n-k}}{\partial z}}$ , (45)
$N_{3}(f_{k}, f_{n}-k) \equiv-\mathrm{i}(r\iota-k)\alpha\tau\iota_{kw,v_{k}}\iota-k-\frac{\partial w_{\iota-k}}{\partial\tau/},-w_{k^{\frac{\partial w_{n-k}}{\partial z}}}$ . (46)
, $N_{1},$ $N_{2},$ $N_{3}$ , , $v_{n},$ $w_{n}$
$u_{n}$ .
$v_{n}=w_{n}=. \frac{(?v_{n}}{\partial\tau/}=0$ at $y=\pm 1$ , (47)
$v_{n}=w_{\iota},= \frac{\partial w_{n}}{\partial_{\sim}^{\gamma}}=0$ at $z=\pm\Gamma$ (48)
. , . $\epsilon$
$Re_{c}$ $\epsilon^{2}=1/Re$ $-1/Re$ , $f_{n}$ $\epsilon$
.
$f_{n}=\epsilon^{|_{1}|}’-1+1(\phi_{l},0+\epsilon^{2}\phi,\iota 2+\cdots)$ . (49)
, . ,
$t_{k}=\epsilon^{2k}b$ $(k=0,1,2, \cdots)$ , (50)
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. , , .
$\frac{\partial}{\partial t}=\sum_{k=0}\epsilon^{2}\frac{\partial}{\partial t_{k}}k$ . (51)
(49) (50) (37) , $(n=1)$ . $\epsilon^{k}$
, , $O(\epsilon)$ .
$\frac{\partial}{\partial l_{0}}M1\phi_{10}=L1\emptyset 10+\frac{}1}{Re_{\text{ }}K_{1}\emptyset 10$ . (52)
, $c_{l}$. /\partial t $=-\mathrm{i}\alpha c_{r}$ . (52)
, (21), (22) , $\phi_{10}$ ,
$\phi_{10}=A(t1)g10(y, z)\exp(-\mathrm{i}\alpha Crt\mathrm{o})$ (53)
. , $g10(y, Z)$ (21), $(‘ \mathit{2}2)$ , $A(t_{1})$
$t_{1}$ . , $\mathit{9}10(y, z)$ , $g10(\mathrm{o}, \mathrm{o})$
.
, $O(\epsilon^{3})$ .
$\frac{\partial}{\partial l_{0}}M_{1}\phi_{12}+\frac{\partial}{\partial t_{1}}M1\phi_{10}--L_{1}\phi_{12}+\frac{}1}{Re_{\text{ }}K_{1}\emptyset 12-K1\emptyset 10$
$+N(\phi 20, \phi^{*}10)+N(\phi 10,$ $\phi_{00)N}+(\phi \mathrm{o}0, \phi_{10})+N(\phi_{1}^{*}0’\emptyset 20).$ (54)
(54) , $A(t_{1})$ .
$\frac{\mathrm{d}A}{\mathrm{d}t_{1}}=\lambda_{0}A+\lambda 1|A|^{2}A$. (55)
,
$\lambda_{0}=-\frac{\int\int\tilde{g}_{10}I\zeta g_{10}}{\int\int\tilde{g}_{1}0Mg_{1}0}$ , $\lambda_{1}=\frac{\int\int\tilde{g}_{10}\{N\}}{\int\int\tilde{g}_{1}0Mg_{1}0}$ (56)
.${ }$; $\tilde{g}10(y, Z)$ (52) , .
$\frac{\partial}{\partial t_{0}}\tilde{M}\tilde{g}_{10}=\tilde{L}_{\tilde{J}10}+\frac{1}{Re_{c}}I\tilde{\zeta}\tilde{g}_{10}$ . (57)
, $\tilde{M},\tilde{L},\tilde{IC}$ , $M_{1},$ $L_{1},$ $IC_{1}$ .
$\tilde{M}=M_{1}$ , $\tilde{I\zeta}=I\zeta_{1}$ ,
$\tilde{L}=$ . (58)
$\iota_{1()}\sim y,$$z \equiv\alpha 2U-U\frac{\partial^{2}}{\partial \mathrm{t}/^{2}}-2\frac{\partial \mathfrak{k}I}{\partial\iota/}\frac{\partial}{\partial\tau/}$ . (59)
$\iota_{2(y,z}\sim)\equiv-U‘\frac{\partial^{2}}{(?_{J^{\mathrm{t}?}\sim}\tau \mathit{7}}‘-2.\frac{\partial IJ}{(?\tau/}\frac{\partial}{\partial z}$ . (60)
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(54) $\phi_{20},$ $\emptyset \mathrm{o}0$ . , $n=2$ $n=0$
. $n=2$ $\phi_{20}$ ,
$\frac{\partial}{\partial i_{0}}M_{2}\phi 20=L2\phi_{20}+\frac{1}{Re_{c}}K_{2}\phi 20+N(\emptyset 10, \emptyset 10)$ (61)
, .
$\phi_{20}=A^{2}g_{2}0\exp(-\mathrm{i}2\alpha \mathrm{C}_{t}t_{0})$ . (62)
$n=0$ $\emptyset \mathrm{o}0$ , . , (54)
$\emptyset\alpha$) $=$ ($v00$ , woo) $x$ uo.o ,
. $7l=0$ $\emptyset \mathrm{o}0=$ ( $v00$ , Woo)
, $O(\epsilon^{2})$ , .
$\frac{\partial}{\partial t_{0}}M\mathrm{o}\emptyset 00=L\mathrm{o}\phi_{00}+\frac{1}{Re_{c}}I<_{0\phi 0}0+N\mathrm{o}(\phi_{1}0, \phi^{*}10)+N_{0}(\emptyset*10’\emptyset 10)$ . (63)
, $M_{0},$ $L_{0},$ $K_{0}$ No .
$M_{00}=$ , $L_{00}=$ ,
$fC_{00}=$ ,
$N0\mathrm{o}(f_{k}, f_{-k})=$ . (64)
$\Delta_{2}=\frac{\partial^{2}}{\partial \mathrm{t}/^{2}}+\frac{\partial^{2}}{\partial_{\sim^{2}}^{\gamma}}$ .
, $u0=\epsilon^{2}u00$ , $u00$
$\frac{\partial u_{00}}{\partial t_{0}}+v_{00}.\frac{\partial U}{(?\tau/}+w00^{\cdot}\frac{(?IJ}{\partial z}=\frac{1}{Re_{c}}\Delta u00+N(\emptyset 10, \emptyset^{*}10)+N(\emptyset*\emptyset 10’ 10)+P00$ , (66)
$N(fk, f_{-k})=\mathrm{i}k\alpha u_{k}u_{k}^{*}-vk^{\frac{(?u_{k}^{*}}{\partial y}}‘+lD_{k^{\frac{\partial\gamma\iota_{k}^{*}}{\partial z}}}$
. , $r\iota=0$ $\partial/\partial t_{0=}0$ . $n=0$





$v00^{\frac{\partial U}{\partial y}+}w_{1}\mathrm{x}1^{\frac{\partial lJ}{\partial z}=\frac{}1}{Re_{\text{ }}\Delta_{1}+}l_{(\mathrm{x}}\mathrm{l}N(\phi 10, \phi_{1}*)0+N(\emptyset_{10}^{*}, \emptyset 10)$ (68)
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. , $u00$ . , (ii)
, (69) , . .::.
$\cdot$ . ..-
$u\alpha \mathrm{l}=u_{000^{2}}^{(}1)+P00u^{()}0$ . (69)
, $u_{00}^{(1)}$ u (69) , .
$v_{(\mathrm{K}1^{\frac{\partial U}{\partial y}+}}w00 \frac{\partial U}{\partial z}=\frac{1}{Re}$ $\Delta u_{0}^{(1)}0+N(\phi 10, \phi^{*}10)+N(\phi^{*}10’\phi_{1}0)$ , (70)
$\frac{1}{Re_{\mathrm{c}}}\Delta u_{\alpha 1}^{(2}=-)1$ . (71)
, $u00$ $Q\alpha$) ,
$Q_{00}= \int\int u_{0}^{(1)}0yddz+P_{00}\int\int u_{00}^{(2}dydz)$ (72)
. $Q\mathrm{o}0\equiv 0$ , (69) $u00$
. , , $P_{00}\neq 0$ , –
.
, $t_{1}$ (55) , $t_{1}arrow\epsilon^{2}t$ $\epsilon Aarrow A$
$1/Re$ $-1/Re=\epsilon^{2}$ ,
$\frac{\mathrm{d}A}{\mathrm{d}l}=$ ( $1/Re$ $-1/Re$) $\lambda 0A+\lambda 1|A|^{2}A$ (73)
. , ( $1/Re$ $-1/Re$) $\lambda_{0}$ .
, . ,
, ${\rm Re}[\lambda_{1}]<0$ 4 (a) , ${\rm Re}[\lambda_{1}1>0$ 4
(b) . $\mathrm{K}\mathrm{a}\mathrm{o}\ \mathrm{P}\mathrm{a}\Gamma \mathrm{k}1^{11}$ ] , $\Gamma=8$
, .
, $\Gamma=8$ , 4(b) .
4
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. 3 , $\Gamma=100,$ $Re=5772,$ $\alpha=1.02$
$(\Gammaarrow\infty)$ .
, 5 $\Gamma--100,$ $Re=5772,$ $\alpha=1.02$ $v_{1}\mathrm{o}(y, Z)$ . 5(a) ,
$z=0$ , 5 (b) , $v_{1}\mathrm{o}(y, Z)$ . $z=0$. .
$v_{1}\mathrm{o}(y, 0)$ , – . 5(b) ,
, $z=0$ 2 , $z=\pm\Gamma$ 2
. ,












‘s 3.696 29.684-143.76 $\mathrm{i}$
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